Introduction
The electron structure and optical transitions in oxide systems with strong correlations have been actively studied for many years. Nickel oxide is a typical material for which many experimental and theoretical results have been obtained. [1] [2] [3] [4] [5] [6] Usually two interband transitions are considered when discussing the optical properties of NiO in the fundamental absorption range. The first is a transition of an electron from an oxygen O 2À ion to a nickel Ni 2þ ion, called a 008 Mg 0.992 O should take place. These create broad and intense light absorption bands along the absorption spectra. This serves as evidence of the fact that the probability of a charge transfer transition due to the hybridization of 3d and band states has increased. The author of Ref. 7 notes that states with a charge transfer are promising when it comes to problems of radiative recombination and photochemistry. Recently photocatalytic activity of ZnO:3d nanocrystals in the visible region of the spectrum has been observed. 8, 9 States with charge transfers, as a rule, are not manifested in the photoluminescence spectra of II-VI:3d compounds. The reason is that nonradiative Auger relaxation occurs at the impurity center, the probability of which is greater than the likelihood of radiative recombination with charge transfer. As a result of the Auger process the annihilation energy of the electron-hole pair (electron in the d nþ1 configuration and a hole in the valence band) is transformed during the excitation of the d n -configuration. 10, 11 In order to observe radiative charge transfer transitions it is necessary to increase the degree of hybridization between d-and band states, i.e., to dope the crystals that have a smaller cationanion distance with 3d-impurities in order to increase the overlap of the d-states with the band states of the closest atoms. Recently, the data on the manifestation of charge transfer transitions along the photoluminescence (PL) and photoluminescence excitation (PLE) spectra of Ni c Mg 1-c O (c ¼ 0.008) under pulsed synchrotron excitation were presented in Ref. 12 . The cation-anion distance is equal to 2.105 Å , which is significantly less than similar distances in II-VI compounds. The charge transfer energy
þ h for Ni and MgO impurities is equal to about 3.6 eV, and the energies of a large number of intracenter states of the Ni 2þ ion, observed in the absorption spectrum of Ni c Mg 1-c O (c ¼ 0.008), 13 are very close to each other. Over the course of the studies we observed optical absorption spectra, diffuse reflection, PL and PLE of Ni c Mg 1-c Ocompounds. The close energy coincidence of the singularities along the PLE and optical absorption spectra of these materials and Zn 1-x Ni x O allows us to assume that for Ni c Mg 1-c Oa n d Zn 1-x Ni x O oxides only (p-d) transitions with charge transfer contribute to the formation of optical spectra in the 3.5-6.0 eV energy interval.
The experiment
Nanopowders of solid solution Ni c Mg 1-c Ow e r ep r epared via radiofrequency plasma decomposition of coarsegrained commercially available NiO (99.9%) and MgO (99.9%) powders with particle sizes in the 20-40 lm range. The developed experimental equipment included a radiofrequency oscillator (1.76 MHz) with a maximum energy of 60 kW, quartz discharge tube with an induction turn, an auxiliary gaseous atmosphere system, a water-cooled steel reactor and heating element, as well as a fabric filter for nanopowder collection. The average particle sizes were estimated based on the specific surface area (SSA), which was calculated based on the adsorption-desorption isotherm of nitrogen gas, determined at 77 K using a KELVIN 1042 sorptometer. The average particle size can be estimated on the assumption that the particles have the same spherical shape and similar sizes and by using the Brunauer-EmmettTeller equation d ¼ 6/(S q), wherein d is the diameter of the particle; S is the specific surface area of a sample with a mass of 1 g, and q is the specific density of the substance. The average particle diameter was about 50 nm for all formulations. The X-ray diffraction structure for Ni c Mg 1-c O nanopowders was presented in Ref. 14. The deposition of very thin (several hundred nanometers thick) layers of Ni c Mg 1-c O( c ¼ 1.0) nanoparticles from the aqueous suspension onto a transparent quartz substrate allowed us to detect the optical density ad in the region of intense interband transitions, similar to Ref. 16 . The samples for our measurements of the PL and PLE spectra were prepared by compressing tablets composed of Ni c Mg 1-c O nanopowders at a pressure of 0.5 GPa in order to achieve the best possible conditions for detecting luminescence.
In this study, the PL and PLE spectra of Ni c Mg 1-c O nanopowders and Ni x Zn 1-x O oxide ceramics with a table salt structure and a grain size of about 10-20 lmw e r em e a s u r e di nt h e region of 2-5.5 eV using two DMR-4 double prism monochromators (inverse linear dispersion 10 Å /mm close to 5 eV), a R6358-10 (Hamamatsu) photoelectric multiplier and a photon counting system. A deuterium lamp DDS-400 was used to ensure continuous excitation. PLE spectra were normalized to an equal number of photons incident on the sample using lumogen yellow for this purpose, as it has a PL quantum output that is independent of energy in the test energy range. In the figures the PL spectra are presented without normalization to the spectral sensitivity of the optical path. Time-integrated PL in the 2-3.5 eV range, and PLE spectra in the 3.7-12 eV range were excited by vacuum ultraviolet (VUV) radiation and measured at a temperature of 8 K using synchrotron radiation (SI) at the SUPERLUMI station (DESY-HASYLAB, Hamburg). A monochromator with an aluminum-coated lattice and a spectral resolution of 3.2 Å was used in order to achieve PL excitation. Measurements of PL spectra during VUV excitation were performed at SUPERLUMI (DESY-HASYLAB, Hamburg) using an ARC Spectra Pro-108i monochromator and a Hamamatsu R6358 photomultiplier. The excitation spectra of PL are normalized to an equal number of photons incident on the sample using sodium salicylate. The time resolution of the detection system was 0.8 ns (FWHM), and the time interval between SI pulses that were 1 ns long, came to 96 ns. The PL and PLE spectra were measured in two time windows: fast, with a delay of dt 1 ¼ 0.6 ns with a window width of Dt 1 ¼ 2.3 ns, and slow dt 2 ¼ 58 ns, Dt 2 ¼ 14 ns. The PL and PLE spectra were recorded in the ranges 2-3.5 and 3.7-12 eV, respectively. Measurements of the magnetization of Ni 0.008 Mg 0.992 O nanocrystals are performed on a MPMS-5XL (Quantum Design) magnetometer in magnetic fields up to 50 kOe and the 2-300 K temperature interval.
Results and discussion
An analysis of the temperature dependence of susceptibility in the 50-300 K range shows that the Ni c Zn 1-c O (c ¼ 0.008) sample is well-described by the model of noninteracting magnetic ions. Processing the field dependence of the magnetic moment M(H)a tT ¼ 2.77 K (Fig. 1 ) using the Brillouin function has shown that the M(H) curve is almost perfectly described under the assumption that spin S ¼ 1, which is typical for Ni 2þ ions. Thus, the magnetic properties completely correspond to the solid solution of nickel in a MgO lattice without visible traces of clustering, i.e., the Ni 2þ ions exist as isolated centers. 
wherein a is the coefficient of light absorption, and S is the parameter characterizing the scattering of light by nanoparticles. It can be seen that for compositions of Ni c Mg 1-c O nanopowders having a larger c, the a/S spectra have peaks that are well-correlated with the peaks of the absorption spectrum [Curve 1 on Fig. 1(a) ], at photon energies of 1.7 and 3.0 eV. For higher energies, there is an increase in a/S for all compositions of solid solutions, and a maximum close to 6 eV is clearly visible even for the smallest formulation.
Here we also have the optical density spectrum ad for the NiO Fig. 2(b) ]. Note that for a Ni c Mg 1-c O (c ¼ 0.0006) single crystal at T ¼ 25 K there is also a maximum along the spectrum of the absorption coefficient in the region of 6 eV. 15 In the PL 2-4 eV and PLE 3.6-5.5 eV spectra there are several excited states in the d 8 -configuration and a state of the (d 9 þh)-edge of an intense broad band of (p-d)-charge transfer transitions at an energy of approximately 3.6 eV [ Fig. 2(a) ]. The contributions of these states in the PL and PLE spectra will be added up and therefore the allocation of a single contribution, to the PL spectrum for instance, is not reliable. However, such spectra allow us to confirm the fact that the contribution of this state is dominant in the given energy range, with confidence. This allotment was made in our study 12 where the PLE radiation spectrum with an energy 3.28 eV in Ni c Mg 1-c O( c ¼ 0.0008) at 8 K revealed the structure of repeating peaks with an LO phonon energy of 70 eV for oxide compounds for the first time.
Measurements of the fundamental absorption edge of NiO at low temperatures were aimed at revealing the Wannier-Mott exciton lines that are usually observed near the fundamental absorption edge for crystals with direct allowed transitions. But the intense temperature-dependent line was not registered. Figure 3 shows the spectra of the lower part of the optical density ad rapid growth of NiO nanocrystals. At low temperatures there is a weak structure close to 3.5 eV, which gradually disappears with increasing temperature. At a temperature of 8 K there are two peaks with energies of 3.510 and 3.543 eV. Figure 3(b) shows the same spectra in a more narrow spectral range, where the exciton peaks are more clearly visible. After the interband transition the ninth d-electron is at the N 1þ site, and the hole moves through the oxygen ions in the Coulomb field of the negatively charged center. During the lifetime of the ninth d-electron there is a hydrogen-like hole state. In principle the ninth d-electron can jump to the nearest nickel ion, but the Coulomb coupling of the electron and the hole will persist. We will call this quasi-local electron-hole pair at the fundamental absorption edge an exciton with (p-d)-charge transfer and denote it as {d h}. Therefore the probability of nonradiative annihilation of the charge transfer exciton {d 9 h} increases, and the lifetime of this exciton decreases, which leads to the broadening and weakening of the intensity of the observed line even at low temperatures. This is an intrinsic property of excitons having a (p-d)-charge transfer {d 9 h}, and it is caused by the presence of a partially filled 3d-shell, which substantially distinguishes them from Wannier-Mott excitons for semiconductors with direct allowed transitions and similar parameters m Ã and e 1 . Two weak peaks with energies of 3.510 and 3.543 are caused by the spin-orbit splitting of the NiO eV, it can be expected that only intracenter radiative recombination will be detected in optical excitation with photon energy of less than 3.6 eV. With a higher excitation energy of luminescence both radiative recombination with charge transfer and radiative intracenter recombination can be expected. The latter will occur as a result of the Auger effect. Figure 5(a) shows the PL bands at an excitation of 3.5 eV for various temperatures. It can be seen that for temperatures 300 and 80 K the PL spectra correspond to intracenter transition energies [see Fig. 2(a) ]. For a temperature of 8 K the maximum of the PL spectrum is slightly shifted toward higher energies, but the long-wave decay is practically the same.
A different image of the PL spectra is observed at an excitation energy of 3.95 eV in the region of the PLE spectrum maximum, due to the charge transfer transitions [see Fig. 5(b) ]. It can be seen that for temperatures of 300, 90, and 8 K the PL spectra maxima fall into the 3.2-3.3 eV energy range, which corresponds to radiative recombination with charge transfer, but the long-wave edge shifts toward lower energies as the temperature decreases. This indicates that there is an increase in the share of radiative recombination through the intracenter d 8 -states. This transformation can be interpreted as an enhancement in the role of the Auger process on a defect with decreasing temperature. As the charge transfer transition energy increases, the absorption coefficient also increases, due to increases in the valence band density of states. When the charge transfer energy is comparable to the energy of intracenter degenerate states
, then there is direct excitation of these states and indirect excitation due to the Auger effect on the defect. The latter, apparently, will be much more effective due to more intensive absorption with the (p-d)-charge transfer in comparison with intracenter states, as well as resonant manifestation of the Auger effect on the defect.
The PL spectrum shows an intracenter radiation peak with a maximum near 3.7 eV [ Fig. 6(b) ]. The excitation spectrum of this radiation has a maximum at 4.5 eV and a very intense peak near 5.4 eV. Since an intracenter excited state arises, it can nonradiatively transmit excitation to lower energy states. As result there is another peak along the intracentral PL with a maximum of 2.75 eV. Its excitation spectrum also has a maximum in the 4.7 eV region and a very intense climb close to 5 eV. Note that the long-wave part of the 2.75 eV peak along the PL spectra is practically unchanged [ Fig. 6(a) ] given an excitation by an energy of 4.9 eV in the 8-300 K temperature range. For the short-wave part, as the temperature decreases in the 3.0-3.5 eV energy range, in which the radiative PL with charge transfer is manifested, the PL intensity increases. Two intense peaks at energies of 5-6 eV in the excitations spectra of intracenter luminescence on and cannot be manifested in the 5 eV energy range. It is natural to assume that the maxima in the absorption and excitation spectra of luminescence in Ni c Mg 1-c O( c ¼ 0.008) are caused by the maximum of the density of states of the MgO valence band. The results of calculating the band structure of MgO 23 indicate that the valence band has a band width of 4.6 eV that includes two peaks, the first of which is about 2 eV from the top of the valence band, which is in good agreement with the 5.5 eV peaks recorded by us in the PLE spectra, that are 2 eV away from the edge of the transition band that has a charge transfer from the top of the valence band to the impurity level d E g ( 1 G). As a result of the resonant Auger process on the defect, radiation with maxima at 3.7 and 2.75 eV will manifest. We will refer to this non-standard version of intracenter radiation excitation as the "dynamic" Auger process on the defect. Since the number of initial (d 9 þh) states is large, it can be assumed that a part of the electron-hole pairs will relax further. When reaching the maximum in the charge transfer transition excitation spectrum at 3.9 eV, these pairs will cause charge transfer radiative recombination with a maximum of 3.28 eV. This is precisely what increases the short-wave part of the spectra on Fig. 6(a) , which increases noticeably with a decreasing temperature. Furthermore, a sharp climb is observed in the excitation spectrum of radiative recombination with an energy of 3.28 eV in the energy region that is greater than 5.0 eV and a temperature of 90 K. 24 To conclude the discussion on the structure of PL and PLE spectra, as well as the absorption of Ni c Mg 1-c Os a m p l e s of varying composition, we note the following. Peaks are observed in the optical density spectra ad of NiO nanocrystals, the absorption coefficient of Ni c Mg 1-c O( c ¼ 0.0006) single crystals, and absorptive capacity a/S of Ni c Mg 1-c O(c ¼ 0.008) at an energy of 6 eV. The PLE spectra of Ni c Mg 1-c O (c ¼ 0.008) have peaks close to energies of 3.9, 4.5, and 5-6 eV. The PLE spectra of Zn 1-x Ni x O solid solutions also show intense peaks at energies of 4.0 and 6 eV. 6 The whole set of results allows us to assume that the optical spectra of oxides Ni c Mg 1-c Oa n dZ n 1-x Ni x O, in the 3. ions with s-a n dp-states of the nearest Mg 2þ and O 2-ions. The manifestation of the Auger effect on the defect is typical for states with charge transfer transitions, and this effect traditionally creates a nonradiative annihilation channel of the charge transfer state. In Ni c Mg 1-c O oxides, a "dynamic" modification to the Auger effect on the defect is revealed for the first
